Background and Purpose-Carotid intima-media thickness (CIMT) is a subclinical marker of cardiovascular disease.
A growing body of evidence suggests that sleep duration may be a potential risk factor for cardiovascular disease (CVD). [1] [2] [3] Findings have been somewhat inconsistent both as to whether there is a significant association and whether it differs by sex. Evidence suggests that "shorter sleepers," those reporting sleeping Ͻ6 hours, and "longer sleepers," those reporting sleeping Ͼ8 hours, have earlier CVD mortality compared with those sleeping 7 to 8 hours. [1] [2] [3] One limitation of these studies is that most used selfreported sleep duration, 4 which can introduce misclassification leading to biased estimates. 5, 6 Studies using objective measures of sleep duration may provide better evidence regarding the association between sleep duration and CVD. Furthermore, given that there are sex differences in both sleep characteristics and in subclinical CVD, 7, 8 studies that investigate the potential differences by sex will add to our understanding of the relationships between sleep duration and CVD risk. Recent studies found associations between sleep duration and risk factors for CVD such as blood pressure, lipids, metabolic syndrome, and subclinical markers of coronary atherosclerosis such as coronary artery calcification. 3,9 -11 Carotid intima-media thickness (CIMT) serves as a potential subclinical marker of CVD risk and has been associated with increased risk of myocardial infarction and stroke. [12] [13] [14] [15] CIMT may be involved in the association between sleep duration and CVD; however, evidence is needed using an objective assessment rather than self-reported sleep.
Consequently, the primary aim of this study was to evaluate associations between objectively assessed sleep duration (using actigraphy) and CIMT among participants from the Coronary Artery Risk Development in Young Adults (CARDIA) Study and determine whether the associations vary by sex.
Methods

Study Sample
Participants included 617 middle-aged black and white adults from the CARDIA Study, an ongoing, prospective cohort study (Nϭ5115), who were initially recruited in 1985 from 4 study sites across the United States (Chicago, IL; Minneapolis, MN; Birmingham, AL; Oakland, CA). Additional details regarding methods, study design, and recruitment can be found elsewhere. 16 An ancillary sleep study at the Year 15 CARDIA follow-up was conducted at the Chicago site, and all nonpregnant site participants (Nϭ814) were invited to participate; 669 (82%) consented and completed the sleep monitoring. CIMT was measured among 3258 of the 3549 (92%) participants at the Year 20 CARDIA visit (2005 . Of the 669 participants from the ancillary sleep study, 617 (76%) also had CIMT assessed, and 52 did not have CIMT assessed and were not included in the study. Findings from the CARDIA Year 15 general sleep questionnaire indicated no significant differences in the selfreported sleep time between the ancillary sleep study participants and those who declined to participate. 17 The Institutional Review Boards of Northwestern University and the University of Chicago approved the protocol, and all participants provided informed consent.
Sleep Assessment
Sleep duration was estimated using wrist actigraphy monitors, which are omnidirectional accelerometer devices that measured wrist movements in 30-second intervals (Actiwatch-16; Mini-Mitter Inc, Bend, OR). Data collection was conducted 24 hours per day for 3 consecutive days at the time participants carried out typical activities, including sleeping in their own home. Three-day measures were taken twice (approximately 1 year apart) between 2003 and 2005, and the average of 6 monitored nights was calculated to estimate mean sleep duration. The variation in the day-to-day sleep time did not affect the association between mean sleep duration and intimamedia thickness, and no significant differences persisted in participants' average sleep duration for Year 1 and Year 2 data collection (Pϭ0.431). In addition, previous reports suggest that the variability in day-to-day and year-to-year sleep time was minimal. 18 Additional information regarding scoring and interpretation of data collected with this device has been described elsewhere. 19 Validation studies of actigraphy data indicate that these devices are highly valid and reliable with a correlation of 0.81 to 0.90 compared with polysomnography for total sleep time. 20 
CIMT Assessment
Carotid ultrasounds were performed by centrally trained technicians using standard procedures and equipment (GE Logiq 700, Issaquoah, IL) and were read at a single center (Tufts Medical Center, Boston, MA). High-resolution B-mode ultrasound images were measured at 3 locations, the common carotid artery (CCA), the carotid artery bulb (bulb), and the internal carotid artery (ICA). The transducer operated at a frequency of 13 MHz for the CCA and 9 MHz for the bulb and the ICA. The carotid ultrasound procedures were performed in the supine position, and magnified gray scale images of the far and near wall of distal CCA, the bulb, and the proximal ICA were obtained on the right and left sides. The primary CIMT outcome variable used in this study represents an average of the mean CIMT measure that was calculated using 20 different measurements from the 3 CIMT segments (4 CCA, 8 bulb, 8 ICA) . In a subanalysis, we also assessed the mean of the maximum CIMT measure as well as the segmentspecific associations. One image was acquired for each side of the CCA, and 2 images for each side of the bulb and ICA. The first image was taken at 45°to the horizontal, and the second image was taken at 20°to 25°. The certified reader reviewed images using validated image analysis algorithm software as an aid. Pearson correlation coefficients based on the 58 replicate studies were 0.86 for CCA, 0.72 for the bulb, and 0.88 for the ICA. 21 
Statistical Analysis
Multivariable-adjusted linear regression models were used to evaluate the cross-sectional associations between objectively assessed sleep duration and CIMT. The models were first adjusted for potential confounders, including age, sex, and race. Next, additional plausible mechanisms were added to the model including body mass index, depression, smoking, waist circumference, triglycerides, lowdensity lipoprotein cholesterol, high-density lipoprotein cholesterol, diabetes, systolic blood pressure, diastolic blood pressure, interleukin-6, C-reactive protein, physical activity, alcohol consumption, caffeine consumption, blood pressure and cholesterol medication, sleep fragmentation, and snoring. Covariates were kept in the full model if they were significantly associated with CIMT in the full model (PϽ0.10) or were important to include for theoretical reasons. Variables excluded from the final model were interleukin-6, C-reactive protein, triglycerides, physical activity, alcohol consumption, caffeine consumption, medication, sleep fragmentation, and snoring. The model for sleep duration was also tested for a deviance from linear trend to assure that multiple variable linear regression models were appropriate.
Effect modification by sex and race was assessed using formal statistical tests for 2-way interactions. No significant interaction was observed by sleep duration and race (Pϭ0.96); however, a marginal interaction was observed by sex and sleep duration (Pϭ0.07) and therefore sex-stratified linear regression analyses were conducted. In addition, subanalyses were conducted to address the association between objectively assessed sleep duration and the mean of the maximum CIMT as well as the segment-specific intima-media thickness associations. All data were analyzed using SAS Version 9.2 software (SAS Institute Inc, Cary, NC).
Results
Characteristics of study participants are shown for men and women separately in Tables 1 and 2 Tables 1 and 2 ).
In sex-stratified regression analyses adjusted for age and race/ethnicity, sleep duration was significantly associated with CIMT (mean of 20 measurement sites) among men (␤ϭϪ0.028 mm CIMT per 1-hour sleep duration; 95% CI, Ϫ0.044 to Ϫ0.013; PϽ0.001) but not among women (␤ϭϪ0.005; 95% CI, Ϫ0.019 to Ϫ0.009; Pϭ0.49; Table 3; Figure) . After further adjustment for additional covariates, including age, race, smoking, education, body mass index, depression, systolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and diabetes, the association remained significant among men (␤ϭϪ0.026; 95% CI, Ϫ0.047 to Ϫ0.005; Pϭ0.02; Table 3) .
In a subanalysis, we assessed the mean of the maximum CIMT for 20 measurements, which was consistent with the findings for the mean of the mean CIMT for 20 measurements. In the full models, adjusted for age, race/ethnicity, smoking, education, depression, obesity, systolic blood pressure, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and diabetes status, the association between actigraphically assessed sleep duration and maximum CIMT was significant among men (␤ϭϪ0.030; 95% CI, Ϫ0.005 to Ϫ0.014; Pϭ0.02) but was not significant among women (␤ϭϪ0.005; 95% CI, Ϫ0.020 to Ϫ0.030; Pϭ0.69).
Site-specific CIMT locations were also evaluated as the outcome in linear regression analyses, and these segments included the bulb, the CCA, and the ICA. Findings among men suggested that the association of sleep duration with CIMT was primarily driven by associations with thickening of the bulb and not the CCA or ICA. Sleep duration was a 
Discussion
This study provides evidence that shorter objectively assessed sleep duration is associated with increased CIMT in men but not women after adjusting for demographics and CVD risk factors. A significant linear association was present such that among men, each additional hour of sleep per night was associated with a reduced level (0.026 mm) in CIMT (95% CI, Ϫ0.047 to Ϫ0.005; Pϭ0.02) in fully adjusted models.
Although there were few individuals with Ͼ8 hours of measured sleep (Nϭ6), we did not observe a U-shaped association among either sex as has been found in other studies.
To the best of our knowledge, this is the first study addressing the association between sleep duration and CIMT using objective sleep measures rather than self-reported sleep. One study investigated the association between self-reported sleep duration and CIMT and found a strong J-shaped association among a population-based sample of 2437 individuals from the Study of Health in Pomerania (SHIP) cohort after adjusting for sex and age. 4 A key limitation of the SHIP study was the self-reported sleep measure, especially given that other studies have suggested that self-reported sleep time is weakly correlated with that measured from polysomnography (rϭ0.18, PϽ0.001). 5 Our findings provide novel evidence of this association using an objective assessment of sleep duration and CIMT but suggest an association among men only.
CIMT serves as a reasonable surrogate measure of subclinical CVD. A recent meta-analysis by Lorenz et al 15 among 37 197 subjects suggested that for a CIMT difference of 0.10 mm, the future adjusted relative risk of MI increased by 15% (relative risk, 1.15; 95% CI, 1.12-1.17); and the adjusted relative risk of stroke increased by 18% (relative risk, 1.18; 95% CI, 1.16 -1.21). In our study, a difference of 0.13 mm was observed among men in the lowest compared with the highest sleep category (4 hours versus 7-8 hours).
The observed differences in segment-specific CIMT associations may be due to potential differences in underlying mechanisms relating to atherosclerosis and hypertension. Our findings suggested that the carotid bulb demonstrated significant independent associations with sleep duration, but the CCA and ICA alone were not significantly associated. Studies addressing this pathophysiology have indicated differences in CIMT segments, including that the CCA wall tends to have a higher prevalence of foam cells but that the bifurcation tends to contain more complex plaques. 22 Previous findings have also suggested that the CCA is most strongly associated with blood pressure and hypertension compared with other segments and that the bulb and ICA tend to be associated with cholesterol and the atherosclerotic burden as well as diabetes. 21 Our findings on segmentspecific associations may provide some additional evidence regarding potential biological pathways and suggest that sleep restriction may be less correlated with changes in the CCA and may have more of an effect on mechanisms involving the carotid bulb.
A number of considerations must be addressed regarding the observed sex differences. One concern is that differences in cardiovascular physiology and pathology exist by sex, and 
Figure.
Objectively assessed sleep duration and carotid CIMT adjusted for age and race; presented by sex (includes 95% CIs).
CIMT indicates carotid intima-media thickness.
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men experience age-related atherosclerotic disease progression at younger ages than women. 8, 23 Given that this is a middle-aged population, we may be capturing an association among men and not women due to the men's elevated disease progression, and similar associations may perhaps be observed among women in this cohort at older ages. In addition, it could be argued that the findings may be due to an increased prevalence of sleep apnea, which tends to be more common among men, and has been demonstrated to be causally linked to cardiovascular outcomes. 24 -26 A recent study from the Sleep Heart Health Study cohort, however, suggested that there was no meaningful association between sleep apnea and CIMT after controlling for cardiovascular risk factors. 27 In a subanalysis, our assessment of sleep apnea risk in this sample suggested no association among the apnea risk score, snoring, or fragmentation and CIMT (online-only Data Supplement). Furthermore, previous findings from the Northern Manhattan Study also indicated that snoring was not a significant predictor of CIMT (Pϭ0.986) in multivariate linear regression analysis among a diverse cohort of men and women (Nϭ1605). 28 This study has a number of notable limitations. Because the study was limited to a cross-sectional design, it allows for limited understanding regarding causal associations. It is unclear how CIMT thickness could cause shorter sleep, but both may be due to a third factor or factors. When assessing the primary exposure, although sleep duration was assessed objectively using wrist actigraphy monitors, the data do not provide insight regarding sleep architecture, sleep-disordered breathing, or changes in oxyhemoglobin saturation. However, this objective assessment provides clear advantages over self-reported sleep, and alternative measures of apnea risk and fragmentation were considered. In addition, previous studies have demonstrated that actigraphy is correlated with polysomnography for total sleep time (rϭ0.88 -0.90) among healthy adults and is stable within this cohort from year to year. 18, 20, 29, 30 
Conclusions
In summary, our study found evidence of an association between decreased sleep duration and CIMT in men but not in women. It is important that future studies address this association prospectively to investigate whether these associations are causally related. In addition, it would be beneficial for future studies to have an objective measure of sleep-disordered breathing from an overnight polysomnography. Additional research is also needed to investigate the observed sex differences and to strengthen the current understanding of biological mechanisms underlying the association between short sleep duration and subclinical CVD.
